Abstract: After soil surface disturbances biological soil crusts (BSC) cover rapidly the topmost soil millimeters. Depending on BSC age, development of soil water repellency, water infiltration and soil surface stability are influenced by this thin surface sealing. Within this study disturbed, early-mid-and late successional stages of BSC development were examined along a recovery transect. The results show an increase in water repellency and a decrease in water sorptivity and conductivity with ongoing BSC succession. Penetration resistance data shows very stable thin surface protection by cyanobacteria in early successional BSC that is non-repellent. Later successional stages show increased water repellency and lower water conductivity. We conclude that BSC development induces changes in surface structure and wettability. The soil surface wettability is strongly linked to the BSC community composition.
Introduction
Biological soil crusts (BSC) can be found on soils with a sandy texture in arid and semiarid zones around the world (Rivera-Aquilar et al. 2006 ; Thompson et al. 2006; Zhang et al. 2006) . These soils are sensitive for anthropogenic impact e.g. heavy vehicles. Disturbances often occur in bare surfaces that can easily be eroded by wind. Given sufficient moisture bare areas are covered by biological soil crusts rapidly. The crusts of several mm thickness are mainly composed of cyanobacteria during the first, early successional stage, later on algae, lichens and mosses occur. These communities effectively stabilize the upper millimeters of the soil surface and create a physically strong surface and inhibit wind erosion (McKenna Neumann et al. 1996; Belnap & Gillette 1998) . The resistance against wind erosion is strongly related to BSC thickness (Belnap & Gillette 1998) . BSC thickness and stability can be assessed in situ by penetration resistance (PR) measurements (Drahorad & Felix-Henningsen 2012) .
In addition, biological soil crusts strongly influence the hydrological properties of soil surfaces (Belnap 2006 ). This impact is related to the crust community composition. While cyanobacterial crusts reduce infiltration by swelling of exopolysaccharides and therefore a reduction of pore volume (Kidron et al. 2003) , high amounts of mosses result in higher water infiltration rates (Almog & Yair 2007) . Nevertheless only few studies examined the effect of different BSC types on water repellency (WR). While Lichner et al. (2013) found no or slightly WR for laboratory algae crusts no WR was detected for early successional BSC in north-eastern Germany (Fischer et al. 2010) . A general increase in repellency of BSC with increasing development stage can be expected as BSC are main contributors of organic matter. For example, for a BSC covered sandy soil an increase in organic matter results in an increase in water drop penetration time (Kidron et al. 2010) . In addition, the organic matter composition and therefore the amounts of hydrophobic substances like fatty acids change in relation to BSC development (Drahorad & Felix-Henningsen 2013) . While the input and the decaying of BSC organic matter induces high amounts of hydrophobic compounds, the species of algae and bacteria can produce hydrophobic compounds as reviewed in Doerr et al. (2000) . In addition, filamentous fungi are a large fraction in soil biomass that can produce specific hydrophobic proteins (Rillig 2005) . Soil water repellency reduces the affinity of soils to water and for these porous mediums like sand the water infiltration is inhibited (Doerr et al. 2000) . Therefore the expected increase in the amount of hydrophobic substances with ongoing BSC succession can result in a reduced initial wetting rate (sorptivity) and hydraulic conductivity of soils. The aim of this study was to examine the influence of different successional crust types on soil wettability, water infiltration and penetration resistance. It is hypothesized that with an increase in BSC development the BSC thickness and stability increases while the wettability, sorptivity and the water infiltration are reduced.
Material and methods
The study site was established on a forest glade located at Mláky II near Sekule (48
• 37 10 N, 16
• 59 50 E) in the Borská nížina lowland, southwest Slovakia. This glade showed partly exposed bare soil but was mostly covered by BSC composed of cyanobacteria (Leptolyngbya sp.), lichens (Cladonia sp.), mosses (for example Dicranum polysetum, Ditrichum heteromallum) and fungi (for example Alternaria alternate, Aspergillus fisheri) to different extent. Soil from the site is formed by aeolian sand, and it is classified as an Arenosol (WRB 2006) and has a sandy texture (Soil Survey Division Staff 1993). Physical and chemical properties of the top (0-5 cm) horizon were as follows: clay/loam/sand content was 5.0/0.8/94.2%, CaCO3 content < 0.05%, pH (H2O) 5.52 and pH (KCl) was 3.96. For a detailed description of the forest glade site and the occurring species see Lichner at al. (2013) .
The study site was divided into 3 plots along a recovery transect (Fig. 1) . In addition an area of bare soil (BS) was sampled that had resulted out of an anthropogenic disturbance by motor bicycles. The plots 1-3 included different stages of crust development with a first stage characterized by a high amount of cyanobacteria (type 1), followed by an increase in lichen and mosses (type 2) and a moss-dominated crust (type 3). At each plot the active biological topcrust (0-0.2 cm) was separated carefully from the underlying subcrust. The subcrust layer thickness increased from 1.5 cm for early successional crusts to 2.5 and 3 cm for the later successional stages. After removal of the BSC layers the topsoil below the BSC was sampled to a depth of 10 cm from the surface. The samples were oven-dried (105 • C), sieved to 2 mm and finely ground (< 0.05 mm). The concentration of organic carbon (Corg) was determined for all soil depths by dry combustion (Vario EL analyser, Elementar, Hanau, Germany).
The water drop penetration time (WDPT), water sorptivity Sw, ethanol sorptivity Sw, and repellency index RI were determined at each plot using the methods described in Lichner et al. (2007 Lichner et al. ( , 2012 . The following classes of the persistence of WR can be distinguished: wettable or nonwater-repellent soil (WDPT < 5 s); slightly (WDPT = 5-60 s), strongly (WDPT = 60-600 s), severely (WDPT = 600-3600 s), and extremely (WDPT > 3600 s) water repellent soil (Dekker et al. 2001) . Soil water content was measured in 4 replicates using FDR-technique (Delta-T Devices). The mechanical stability of the crusted soil surface within the examined patches was determined using a highresolution needle-type electronic micropenetrometer. This device had been developed for the in situ measurement of penetration resistance (PR) of BSC (Drahorad & FelixHenningsen 2012) . Within all plots the PR of the crusted soil surface was measured in 4 replicates. In addition, the PR of unconsolidated loose sand was measured on the disturbed area to evaluate the friction between the sand grains and the needle. The rough data of the single PR curves were smoothened by calculating the mean for 0.6 mm stepwise (n = 15).
Results
All three examined BSC types show a vertical stratification and can be separated into a topcrust and subcrust section (Fig. 1) . The subcrust thickness increases with ongoing succession. In addition this shift in the BSC community structure induces higher amounts of C org with the topcrust with 0.9% of C org for the BSC types 1 and 2 and 1.3% of C org for the crust type 3 compared to 0.1% of C org for the bare sand. The subcrust values range between 0.2 and 0.3% of C org for all examined BSC types.
As shown in Fig. 2 , the data show higher PR values for the BSC types 1 and 3 as compared to the unconsolidated sand. The stability of BSC type 2 is very low near the soil surface up to a depth of 3.8 cm. This area is followed by a strong increase in the mechanical stability up to 0.24 MPa. Contrarily the crust type 1 shows very high PR values with a maximum of 1.4 MPa at 3.7 mm. The maximum peak in PR can be interpreted as the breaking point of the BSC topcrust (PRmax). Crust type 3 shows a stronger stability below 7 mm soil depth up to 4 cm. The WDPT test showed that the water repellency of the bare sand and the BSC is spatially highly variable, as shown by the high standard deviations. The BSC type 1 was characterized as 
Discussion
The observed increase in BSC thickness and stability with ongoing succession is in agreement with recent studies showing that crust thickness increases as BSC cover and biomass increase (Belnap 2006; Almog and Yair 2007; Kidron et al. 2009 ). Therefore the changes in BSC PR curves show typical characteristics for different BSC types. The BSC type 1 shows a comparable curve and similar maximum PR values as cyanobacterial BSC of the Negev, Israel (Drahorad & FelixHennigsen 2012) . BSC type 2 shows an area of very low PR within the upper cm of the soil surface. This may be the result of changes in surface cover and amount of denser vegetation. With ongoing succession the influence of plants on BSC composition increases (Drahorad et al., 2013) . This crust type provides the best conditions for plant seedling emergence as the surface sealing effect of the cyanobacteria is reduced and the amount of mosses is low. These conditions do also favor for small insects that build their burrows. These processes can induce a higher bioturbation within the upper soil centimeters. BSC type 3 has the highest amount of mosses, building a dense ground cover. These mosses suppress higher plant growth and induce higher topsoil stability. In addition, mosses induce higher infiltration in BSC due to a high density of rhizines. This indicates that not only BSC topcrust composition within the topmost soil mm changes with ongoing succession but also BSC subcrust composition and thickness change depending on BSC age and development.
In general the BSC types show an increase in WDPT and C org and a decrease in hydraulic conductivity within the examined recovery gradient. The higher topcrust concentrations of C org are the result of the photosynthetic activity of autotrophic crust organisms (Zaady et al. 2000) . For the cyanobacterial dominated crust type 1 higher amount of exopolysaccharides (EPS) are expectable compared to the strongly lichen and moss-dominated crust types 2 and 3. Cyanobacteria such as Microcoleus vaginatus excrete high amounts of carbohydrates as EPS during growth (Kidron 1999) . Therefore carbohydrates can build up 75% of C org of cyanobacterial BSC (Mager 2010) . With ongoing suc-cession of BSC a shift in community structure induces a shift in organic matter composition with higher amounts of plant typical pentoses (Drahorad et al. 2013 ). This shift in BSC structure towards perennial vegetation may also lead to a higher amount of hydrophilic compounds in soils covered by late successional BSC types. In addition with an increase in BSC thickness the BSC biomass increases (Belnap 2006) . Filamentous fungi are a large fraction of this soil microbial biomass and fungi growth induces the accumulation of hydrophobins in soils. These proteins build coatings on mineral surfaces and induce hydrophobicity (Rillig 2005) . Therefore the changes in BSC successional stages induce higher water repellency mainly due to a shift in community structure. The high water repellency of the bare sand is an exception from the examined trend of an increase in water repellency from early successional crusts towards later successional moss dominated crusts. At the same study site Lichner et al. (2013) found no water repellency for sand of 50 cm soil depth. Therefore the high repellency of the bare sand at the soil surface may be related to a mixing of biological soil crust pieces with soil particles resulting out of the applied disturbance. In general disturbances of soil structure induce a higher standard deviation in WDPT measurements as shown by Graber et al. (2006) . They suggest that the resulting high variability may be caused by a destruction of soil structure and pore systems and by a change in the distribution of organic matter, fungal filaments and leaf litter within the soil. Uncontrolled disturbances of intact BSC can also result in a very heterogenic mixture of sand and organic matter and therefore water repellent substances. Mainly this mixture of water repellent particles may be the reason for the very high ethanol sorptivity within the bare sand plot, leading to the highest repellency index for all examined plots.
Comparing the water sorptivity values and the water conductivity of the single BSC types, sorpitivity and conductivity are highest for the early successional BSC type 1. The later successional crust types 2 and 3 show lower sorptivity and water conductivity. Contrarily to this trend BSC in semiarid areas cyanobacterial crusts are described as a crust type that reduces infiltration by swelling of exopolysaccharides and therefore a reduction of pore volume (Kidron et al. 2003) . In addition, high amounts of mosses result in higher water infiltration rates (Almog & Yair 2007) . Recent non-invasive studies show that the EPS in BSC is swelling but it is also enhance the hydraulic conductivity (Rossi et al. 2012) . Moreover Fischer et al. (2010) could proof a reduction in steady state water flow for stronger developed BSC. This reduction was linked to the occurrence of coccoid algae. The typical algae of the study area reduced the water conductivity significantly as shown by Lichner et al. (2013) . Therefore the reduction of sorptivity and conductivity in the crust types 2 and 3 partly results out of a reduction in EPS in these crusts.
